We design a hybrid graphene/hexagonal boron nitride superlattice monolayer and investigate its thermoelectric properties using density functional theory and Boltzmann transport equations with the relaxation time accurately treated by electron-phonon coupling calculations. Compared with that of pristine graphene, the lattice thermal conductivity of the superlattice structure is more than two orders of magnitude lower due to the enhanced three-phonon scattering process originated from the mixed-bond characteristics. Besides, the coexistence of light and heavy bands around the Fermi level leads to an ultrahigh power factor along the zigzag direction, where the highest ZT value of ~2.5 can be achieved for the n-type system at 1100 K. Moreover, it is noted that the carrier transport near the valance band minimum is almost entirely contributed by the graphene part of the superlattice. As a consequence, the thermoelectric performance of p-type system can be enhanced to be comparable with that of n-type one by appropriate substitution of nitrogen atom with phosphorus, which can suppress the lattice thermal conductivity but nearly have no influence on the hole transport.
Introduction
As an environmentally friendly energy conversion technique, thermoelectric (TE) power generation has attracted renewed interest since it can harvest waste heat and directly convert it into electricity. The TE performance of a material is usually determined by the figure-of-merit respectively. Good TE material should combine low thermal conductivity with high electrical conductivity and large Seebeck coefficient, which is usually difficult to be realized as a result of strong coupling between these transport coefficients. Compared with the bulk structures, the low-dimensional systems have been considered to be superior in achieving efficient TE conversions [1−3] . As a typical single-layer material, graphene has many extraordinary electrical and optical properties with great potential in variety of applications [4−6] . In spite of the intrinsic weaknesses such as excessive thermal conductivity [7] and gapless energy band [8] , the TE application of graphene has still attracted some interest due to its ultrahigh carrier mobility [9] and good mechanical properties [10] .
During the past decades, many effective methods have been suggested to improve the TE performance of graphene, such as inducing antidot lattice [11] , constructing stub structure of nanoribbons [12] , and utilizing surface functionalization [13] .
Among various strategies, designing superlattice structures, which was demonstrated to be efficient in realizing higher ZT values [14] , has attracted much attention, especially for the in-plane heterostructures of graphene and hexagonal boron nitride (h-BN) [15−20] . Experimentally, a novel nanomaterial consisting of graphene and h-BN was synthesized successfully using the thermal catalytic chemical vapor deposition method [ 21 ] , which suggested the possibility to form superlattice monolayer [ 22 ] and stimulated new strategies of band gap engineering [ 23 ] .
Subsequently, several theoretical works demonstrated that tunable electronic band gaps emerge in the in-plane graphene/h-BN heterostructures made of adjacent armchair ribbons [24−26] , where a very high Seebeck coefficient could be achieved [27] . Besides, the phonon transport in such types of superlattice monolayers was also investigated by molecular dynamics simulations [28−31] , where the lattice thermal conductivities are obviously lower than those of the pristine graphene and could be favorable to achieve high TE performance. Using the nonequilibrium Green's function approach, Yang et al. [ 32 ] showed that the hybrid graphene/h-BN 3 nanoribbons indeed exhibit much higher room temperature ZT values compared with those of the components. So far, the TE performance of graphene/h-BN superlattice monolayers reported in previous studies [33−35] were still obviously lower than that of the state-of-the-art bulk material such as SnSe [36] . It is thus natural to ask if
higher ZT with comparable p-and n-type values could be realized in the superlattice monolayer consisting of the graphene and h-BN nanoribbons.
In this work, the electronic, phonon, and TE transport properties of graphene/h-BN superlattice monolayer are investigated by combining first-principles calculations and Boltzmann transport theory. It is found that the TE performance exhibits strong anisotropy and obvious temperature dependence, with the highest n-type ZT value of ~2.5 obtained along the zigzag direction at 1100 K. Furthermore, we show that the p-type TE performance can be enhanced to be comparable with that of the n-type system via moderate substitution of the phosphorus with the nitrogen atoms.
Computational details
The lattice thermal conductivity of the graphene/h-BN superlattice monolayer is computed by solving the phonon Boltzmann transport equation, as implemented in the so-called ShengBTE package [37] . The harmonic and anharmonic properties are investigated by density functional theory (DFT) [38, 39] combined with the finite displacement method using a 11 3 1   supercell. The eighth nearest neighbors are included for the third-order interactions to ensure convergence. The DFT calculations are implemented in the so-called Vienna ab-initio simulation package (VASP) [40] , and the second-and third-order interatomic force constants are computed via the so-called PHONOPY program [ 41 ] and the THIRDORDER.PY script [37] , respectively. A fine 151 51 1   q-mesh is adopted to yield converged lattice thermal conductivity.
The electronic properties are calculated within the framework of DFT, as performed in the QUANTUM ESPRESSO package [42] . The norm-conserving scalar-relativistic pseudopotential is used to describe the core-valence interaction [ 43 ] , and the exchange-correlation functional is in the form of Perdew-Burke-Ernzerhof (PBE) with 4 the generalized gradient approximation (GGA) [44] . The superlattice structure is modeled by adopting a rectangular cell with the vacuum distance of 30 Å to eliminate the interactions between the periodic images. Using a dense 65 21 1   k-mesh and a kinetic energy cutoff of 700 eV, the system is fully relaxed until the magnitude of the forces acting on all the atoms becomes less than 10 −3 eV Å −1 . To obtain accurate electronic transport coefficients, the band structure of the superlattice monolayer is calculated by adopting hybrid functional in the form of Heyd-Scuseria-Ernzerhof (HSE) [45] , which has been successfully used to predict the band gaps of the graphene-like BN monolayer [46] . Within the framework of Boltzmann transport theory [47] , the transport coefficients S ,  , and e  are calculated with the k-resolved carrier relaxation time ( c  ) obtained from a complete electron-phonon coupling (EPC) calculation [48] . The convergence is carefully checked by using 
Results and discussion
As can be seen from Fig which is beneficial to achieve high TE performance as will be discussed later. Fig. 1(b) shows the phonon dispersion relations of the graphene/h-BN superlattice calculated by density functional perturbation theory [50] , where there is no imaginary frequency guaranteeing the dynamic stability of the system. Similar to that of the h-BN [51] , the superlattice monolayer exhibits exceptional thermal stability since the structure remains unchanged in the ab-initio molecular dynamics simulation at 1500
K (see Fig. S1 of the Supplemental Material). Compared with that of graphene, we see more pronounced hybrid characteristic of acoustic and optical branches in the phonon dispersion relations of the superlattice monolayer, which can be attributed to the vibrational mismatch between different atoms [52] . Indeed, we find distinct phonon modes of C, B, and N atoms at the Γ point near the frequency of 200 cm −1 (not shown here) caused by the mixed-bond characteristics [53] , leading to enhanced anharmonic phonon scattering rates and thus lower lattice thermal conductivity [54] . By solving the phonon Boltzmann transport equation, the temperature-dependent l  of the graphene/h-BN superlattice can be obtained. As plotted in Fig. 1(c) , the l  exhibit obvious anisotropy rooted from the different bonding configurations along the zigzag and armchair directions. To confirm the reliability of our approach, we have done additional calculation on the lattice thermal conductivity of graphene. As shown in the inset of Fig. 1(c) , we find that the room temperature value is 5660 W/mK which agrees well with that reported previously [7] . In the whole temperature region, it is amazing to find that the l  of the superlattice are more than two orders of magnitude lower than those of the graphene, with the values at 300 K to be 19.9 and 11.6 W/mK along the zigzag and armchair direction, respectively. Note that these two systems exhibit similar group velocities, and the distinct lattice thermal conductivities should thus be attributed to their different phonon relaxation time ( p  ). Fig. 1(d) and its inset plot the room temperature p  of the superlattice and graphene, respectively. It is found that the relaxation times of the acoustic phonons in the superlattice are nearly two orders of magnitude lower than those in the graphene, which contribute more than 6 95% of the lattice thermal conductivity owing to the selection rules [55] . Such an observation suggests that the heat transport contributed by the acoustic modes is dramatically limited in the superlattice monolayer and should be responsible for its much lower lattice thermal conductivity. Besides, the optical phonon relaxation time of the superlattice monolayer is also at least an order of magnitude lower compared with that of graphene. As a consequence, the extremely lower l  in the superlattice can be attributed to the sharply reduced p  due to more pronounced hybrid characteristic of acoustic and optical branches, which should be traced back to the mixed covalent bonds as discussed above.
We now move to the discussion of the electronic band structures of the graphene/h-BN superlattice monolayer, which are computed by using HSE functional.
A careful search in the whole Brillouin zone find that both the conduction band minimum (CBM) and the valance band maximum (VBM) are located at the k-point of (0.437, 0.500, 0.000). The corresponding band gap is 1.48 eV, which is relatively larger than previous result [27] calculated by using PBE functional. Fig. 2(a) Fig. 2(b) . Due to the mirror symmetry of the lattice structure and the energy bands, there are additional valance and conduction band extremum at the 7 k-point of (0.563, 0.500, 0.000), which exhibit entirely identical energies with those of the VBM and CBM, respectively. Hence, the off-symmetry VBM and CBM both show a band degeneracy of four, which could directly enhance the electrical conductivity by increasing carrier concentration for a given Fermi level without reducing the Seebeck coefficient owing to the band misalignment [59] . Besides, we see clearly strong and weak energy dispersions along the zigzag and armchair directions, respectively. The corresponding effective mass is calculated to be 0.179 (0.159) me and 4.243 (3.704) me around the VBM (CBM). Such unique band structure means that the electrical conductivity along the zigzag direction should be significantly larger than that along the armchair direction, which may lead to a higher power factor [58] . only the scattering of the acoustic phonons is considered, we find that the EPC calculated relaxation time (344 fs) of the superlattice near the CBM at 300 K is obviously lower. It is reasonable since more optical phonons are populated owing to the mixed characteristics of covalent bonds, which can't be ignored when estimating the carrier scattering rate. Besides, it can be found that the c  of the n-type system near the Fermi level is somewhat larger than that of the p-type system, which is caused by the constricted phase space and thus limited carrier scattering process around the CBM originated from the smaller band effective mass [61] . Inserting the energy-dependent relaxation time, the electronic properties ( S ,  , and e  ) of the superlattice monolayer can be obtained from the Boltzmann transport theory. For both the p-and n-type systems, we observe similar room temperature Seebeck coefficient (absolute value) but much larger electrical conductivity along the zigzag direction when compared with those along the armchair direction (see Fig. S2 of the Supplemental Material). We thus focus on the zigzag direction in the following discussions. On the other hand, the Seebeck coefficient of the p-type system is 8 slightly higher than that of the n-type system ascribed to the bigger hole effective mass and thus larger DOS, whereas the  is relatively lower caused by the smaller relaxation time. Benefited from the mixture of flat and dispersive bands mentioned above, an ultrahigh room temperature power factor of 0.146 W/mK 2 can be obtained along the zigzag direction for the n-type system, which is significantly larger than that of good TE materials such as SnSe [36] . As a consequence, excellent TE performance can be realized in the graphene/h-BN superlattice monolayer. For both the p-and n-type systems, the optimized TE performance appear at a high temperature of 1100 K (see Fig. S3 of the Supplemental Material) owing to relatively larger band gap. As can be seen from Fig. 2(d) , a highest ZT value of ~2.5 can be achieved at 1100 K along the zigzag direction at the optimized electron concentration of 20 3 3.9 10 cm   . The corresponding transport coefficients are summarized in Table S1 of the Supplemental
Material. It should be noted that the TE module always needs both n-and p-type legs with comparable conversion efficiency to form the p-n junction. However, the ZT value of the p-type graphene/h-BN superlattice monolayer are obviously smaller than that of the n-type system becaues of the lower power factor as shown in Fig. 2(d) .
Hence, it is quite necessary to enhance the TE performance of the p-type system by appropriate strategies such as chemical doping or strain engineering, which requires a deep understanding of the carrier transport mechanism. significantly larger than that of the pristine system along the zigzag direction, which leads to lower relaxation time and thus decreased electrical conductivity. As the lower power factor is largely compensated by the reduced lattice thermal conductivity, the maximum n-type ZT value (~2.6, along the zigzag direction) of the P-substituted superlattice is similar to that of the pristine system at 1100 K. On the contrary, it is interesting to find that the TE performance of the p-type substituted superlattice is 10 greatly enhanced ascribed to the decreased l  and almost unchanged 2 S  . As a consequence, comparable ZT values (~2.6) for both the p-and n-type systems can be realized in the superlattice monolayer along the zigzag direction at 1100 K, which is highly desirable as the thermoelectric devices.
Summary
We demonstrate by first-principles study that the graphene/h-BN superlattice monolayer could achieve a record high n-type ZT value of ~2.5 along the zigzag direction at 1100 K, and comparable p-type TE performance is realized by substituting the P atoms in the N2 sites with an atomic concentration of ~2%. To experimentally check our strong predictions, one needs to first fabricate the superlattice monolayer. In this regard, the recent discovery of layered electride [66, 67] provides an attractive family of substrate for the epitaxial growth of two-dimensional materials with particular structures [68] . Especially, it shows significant advantage over the metal substrate and offers a new way to synthesize the in-plane superlattice.
In a word, our theoretical work suggests that the superlattice monolayer consisting of light, earth-abundant, and environment-friendly elements can be designed as perfect TE modules with comparable p-and n-type energy conversion efficiency. 
